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ABSTRACT 27 
 28 
 29 

We present a global synthesis of Cu, Zn, Pb and Ga contents of mafic rocks from 259 30 

Phanerozoic to Archean ophiolites, which are geochemically classified as subduction-31 

unrelated and subduction-related with various sub-categories. The subduction-unrelated 32 

ophiolites include mid-ocean ridge (MOR), and Rift, Continental Margin and Plume type 33 

ophiolites, collectively grouped as the R/CM/P sub-category. The subduction-related 34 

ophiolites include Backarc (BA), Forearc (FA), Backarc to Forearc (BA-FA), and Volcanic arc 35 

(VA) sub-categories. Compositional distribution of these chalcophile elements in different 36 

ophiolite sub-categories show that Zn and Ga patterns define subtle changes, whereas Cu and 37 

Pb patterns show more pronounced variations. Cu defines a progressive change from the 38 

MOR–type through BA, BA-FA, FA and VA types with progressively higher portions of low 39 

Cu-concentrations. Pb concentrations display a similar pattern for BA through BA-FA, and FA 40 

types, but rather irregular patterns for the R/CM/P and VA types. Thus, mafic subunits in 41 

analysed ophiolites define similar trends for Cu and Pb, with a progressive shift towards 42 

increasing proportions of low concentration for alkaline basalts, MORB, IAT and boninites. 43 

Petrogenetic modelling of the MgO versus Cu, Zn, Pb and Ga distributions in modern oceanic 44 

crust and different ophiolite sub-categories show a scatter that can be explained by fractional 45 

crystallization of the melts, which were produced by 5-10% partial melting of a variously 46 

depleted mantle source. The observed Pb enrichment in the R/CM/P ophiolites was likely 47 

caused by crustal contamination. Mantle sources of mafic magmas of the ophiolites were also 48 

enriched in Cu and Pb by a combination of subduction-related processes as reflected in the Cu 49 

and Pb behaviour patterns of various mafic rock types in the ophiolites. 50 

 51 

Key words: Chalcophile elements in ophiolites; ophiolite types and classification; fractional 52 

crystallization of basaltic melts; sediment subduction and melting; Cu and Pb enrichment in 53 

mafic magmas; slab effects in the melt evolution of SSZ ophiolites.   54 
 55 
 56 
 57 
1. Introduction 58 

 59 
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Transition metals Cu, Zn, Pb and Ga have been mined extensively in the upper crustal 60 

lithologies of many Phanerozoic ophiolites and Precambrian greenstone belts throughout the 61 

history (e.g., Galley and Koski, 1999). These elements are widely sought out and used in the 62 

industry: Cu is used in many electrical and electronic devices, building construction, wiring, and 63 

engines; Zn in galvanizing and as an alloy; Pb mainly in the battery production as well as for 64 

many other purposes (e.g., Acharya, 2013), and Ga in the production of smartphones and solar 65 

cells (e.g., Sahlström et al. 2017).  Gallium as an element does not occur in nature but is usually 66 

incorporated in crystal structure of many rock-forming minerals. Although sensu stricto 67 

lithophile (Goldschmidt, 1937), it is frequently demonstrating chalcophile behaviour and is 68 

associated with sulphides, in particular sphalerite (ZnS) (Paradis, 2015; Sahlström et al., 2017). 69 

Therefore, further in text we will be referring to Ga as a chalcophile element. 70 

The main sources of these elements are related to metal enrichment and ore 71 

mineralization processes in hydrothermal systems along seafloor spreading centers in former 72 

ocean basins (e.g., Alt, 1995, Alt et al. 2010; Pirajno et al., 2020) or within island arc – forearc 73 

settings of suprasubduction zone tectonic environments (e.g., Hein and Mizell, 2013; Varnavas 74 

and Papavasiliou, 2020). Such ore deposits may form at and near the surface of submarine 75 

volcanoes, or in the upper stratigraphic and structural levels of submarine magmatic complexes 76 

known as volcanogenic massive sulphide deposits (VMS) (Galley et al., 2007). In addition to 77 

their economic importance, chalcophile elements, particularly Cu and Pb, are commonly used as 78 

geochemical tracers in the melt evolution of mafic magmas in oceanic environments (e.g., Jenner 79 

et al., 2015; Wang and Becker, 2015). Stable isotopes of Cu, Ga and Zn are also used widely in 80 

studies of planetary geology (Kato and Moynier, 2017; Paniello et al., 2012; Savage et al., 2015; 81 

Xia et al., 2019). Therefore, the occurrence and distribution of chalcophile elements in the rock 82 

record are scientifically and economically relevant and important for the societies. Some of the 83 

best examples of ophiolite – hosted metallic ore deposits of copper, zinc, lead, silver and gold 84 

include the Troodos ophiolite in Cyprus (Dilek and Eddy, 1992; Eddy et al., 1998; Hannington et 85 

al., 1998; Antivachis, 2015), the Semail ophiolite in Oman (Mahfoud and Beck, 1997), the Khoy 86 

ophiolite in Iran (Aftabi et al., 2006), the Mirdita ophiolite in Albania (Dilek et al., 2005; 87 

Phillips-Lander and Dilek, 2008; Milushi, 2015), the Løkken (McQueen, 1990) and Karmøy 88 

(Grønlie and Logn, 1978) ophiolites in the Norwegian Caledonides, and the Palaeoproterozoic 89 

ophiolites in the North Karelia Schist Belt in Finland (Saalmann and Laine, 2014). 90 
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One significant question pertaining to the occurrence of chalcophile elements in 91 

ophiolites is what parameters and processes control their distribution in ophiolites with different 92 

magmatic and tectonic origins. In this study we have examined and analyzed published data on 93 

chalcophile element (Cu, Zn, Pb) and Ga distributions in basaltic lithologies and upper mantle 94 

peridotites of ophiolites with varying ages, internal structures and tectonic origins. Here, we 95 

compare and discuss the distribution of these elements in the investigated ophiolites exposed in 96 

different orogenic belts within the framework of our ophiolite classification (Dilek and Furnes, 97 

2011). We have sub-grouped and examined compositionally identified ophiolitic subunits with 98 

discrete geochemical affinities (i.e., alkali basalts, mid-ocean-ridge basalts, island arc tholeiites 99 

and boninites) in terms of their elemental patterns (in histogram distribution), and then we have 100 

modelled partial melting and fractional crystallization trends of their magmas. In order to 101 

understand how the distribution of chalcophile elements in ophiolites compare with rock 102 

sequences of comparable geochemical affinities in in-situ oceanic environments, we have done 103 

petrogenetic modeling to decipher the mode of their occurrences in both ancient and modern 104 

oceanic lithosphere. We conclude that chalcophile element distribution patterns in mafic 105 

lithological units in ophiolites can be used as an additional geochemical proxy to differentiate 106 

different ophiolite types in orogenic belts.  107 

 108 

2. Ophiolite types and their upper crustal lithologies 109 

 110 

An extended characterization and classification of ophiolites, compared to that of 111 

the original Penrose classification (Anonymous, 1972), has been presented in Dilek and 112 

Furnes (2011). In this recent classification, ophiolites are defined as “suites of temporally 113 

and spatially associated ultramafic to felsic rocks evolved from separate melting episodes 114 

and processes of magmatic differentiation in particular oceanic environments”. This 115 

definition implies that not all ophiolites have the magmatic kinship between their upper 116 

mantle peridotites and crustal units as in a melt – residual relationship, expected from the 117 

Penrose definition of an ophiolite; some ophiolites might have formed as a result of 118 

multiple partial melting episodes of continually evolved and modified mantle sources in 119 

transient tectonic settings (Dilek and Furnes, 2014). 120 
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2.a. Phanerozoic ophiolites and their classification 121 

Ophiolites are classified into two main categories based on whether subduction – 122 

controlled fluid and melt production contributed to their magmatic evolution: (1) subduction-123 

unrelated, and (2) subduction-related ophiolites. Subduction-unrelated ophiolites include mid-124 

ocean-ridge (MOR), Rift (R), continental margin (CM), and plume (P) types; we categorize the 125 

last three in one group as R/CM/P ophiolites. The subduction-related category includes 126 

Backarc (BA), Forearc (FA), Backarc to Forearc (BA-FA) and Volcanic Arc (VA) types (e.g., 127 

Dilek and Furnes, 2014; Furnes and Dilek, 2017; Furnes et al., 2020), depending on the extent 128 

of subducting slab influence in the melt evolution of these ophiolite types. Schematic plate 129 

tectonic diagrams showing the major magmatic construction of the oceanic lithosphere, and the 130 

architecture and lithology of the various ophiolite types are shown in Figure 1. In order to 131 

differentiate these different ophiolites in terms of their melt evolution, we have used the 132 

elements Ti, V, Y, Zr, Nb, Th, and Yb for geochemical discrimination, either as in various 133 

ratio patterns (Nb/Yb – Th/Yb, Nb/Yb – TiO2/Yb) and element concentrations (Ti – V) (see 134 

Pearce, 2014) (Fig. 2), or in MORB-normalized element (NbN – ThN) diagrams (see Saccani, 135 

2015). Further information on the geochemical discrimination techniques that we used in this 136 

study and more detailed description of the ophiolite types can be found in Furnes et al. (2014. 137 

2015, 2020). 138 

Tectonic extension and thinning during continental rifting results in continental 139 

breakup, followed by the formation of an embryonic oceanic crust developing Rift (R) and 140 

Continental Margin (CM) oceanic crust. As the rift – drift processes advance, continued 141 

extension leads into the onset of seafloor spreading and the formation of a MOR-type oceanic 142 

crust. The best examples of MOR – type ophiolites are represented by the Jurassic ophiolites 143 

in the Western Alps and in the Northern Apennines (Balestro et al., 2018). A special case of R 144 

and CM ophiolites is represented by plume-type (P) ophiolites, whose magmatic construction 145 

and melt evolution were affected by proximal plume magmatism during the rift–drift and 146 

seafloor spreading stages of oceanic crust development.  Some of the best examples of P-type 147 

ophiolites occur in the Balkan Peninsula, Anatolia, Iran and in Southern Tibet in the Alpine – 148 

Himalayan orogenic belt (Saccani et al., 2015; Yang and Dilek, 2015).  These types of 149 

subduction-unrelated ophiolites are shown in the lower panel of Figure 1. 150 
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Among the subduction – related ophiolite types, the structural architecture of BA 151 

ophiolites is similar to that of the mid-ocean ridge generated oceanic lithosphere (Dilek et al., 152 

1997; Eason and Dunn, 2015), although crustal and upper mantle units in these two types may 153 

differ geochemically. FA type ophiolites may also share some structural similarities with the 154 

MOR oceanic crust but differ from the subduction-unrelated ophiolites because of the presence 155 

of intermediate (andesitic) to silicic (dacite and rhyolite) IAT-type extrusive and intrusive 156 

rocks, and boninitic (BON) extrusive and intrusive rocks (i.e., Dilek and Thy, 1998, 2009; 157 

Dilek and Flower, 2003), which are missing in MOR – ophiolites. The BA-FA oceanic crust 158 

forms in continuously extending upper oceanic plates above retreating slabs, and constitutes a 159 

hybrid type between the BA and FA generated oceanic crust (i.e., Mariana Trough through 160 

Mariana Forearc; Kato et al., 2003). The volcanic arc oceanic crust develops as a result of a 161 

prolonged period of magmatic construction, 20 to 30 million-years in comparison to other SSZ 162 

types of oceanic crust formation in ~10 million years, above subducting oceanic slabs (Dilek 163 

and Furnes, 2011; 2014). The middle to lower crust of a volcanic arc oceanic crust is 164 

dominated by abundant diorite, tonalite and granodiorite intrusions (see Fig. 1 of Furnes and 165 

Dilek, 2017), and the upper crust by thick accumulations of basaltic, dacitic and rhyolitic 166 

submarine to subaerial volcanic and volcaniclastic rocks (see Fig. 1 of Furnes and Dilek, 167 

2017). The thickness of a volcanic arc ophiolite may, therefore, be considerably larger than the 168 

other subduction-related ophiolite types, as in the Jurassic Smartville arc ophiolite (~ 20 to 25 169 

km in thickness) in the Northern Sierra Nevada Foothills in California (Dilek, 1989a, 1989b; 170 

Godfrey and Dilek, 2000). A simplified version of the various subduction-related ophiolite 171 

types is presented in the upper panel of Figure 1. 172 

 173 

2.b. Archean ophiolites 174 

One of the presently contentious issues in the Precambrian geology is when plate 175 

tectonics was initiated (see Dewey et al. 2021, for a recent overview). Since ophiolites are 176 

among the first-order indicators in support of the operation of plate tectonics in earth’s 177 

history, a corollary to the question above is whether there are Archean ophiolites preserved 178 

in the rock record. Several age thresholds have been proposed for the onset of plate 179 

tectonics over the last several decades. These time windows range from 0.8 Ga (Hamilton, 180 
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2011) to 4.2 Ga (Hopkins et al., 2008), with several other models proposing the time span 181 

of 2.9 to 3.2 Ga for the onset of Phanerozoic – type rigid plate tectonics (Palin et al., 2020; 182 

Dhuime et al., 2015; Condie, 2018; Brenner et al., 2020; Palin and Santosh, 2021). In a 183 

recent review of Eoarchean supracrustal belts, Windley et al. (2021) have distinguished 184 

between two types of plate tectonics: Accretionary Cycle Plate Tectonics and Wilson 185 

Cycle Plate Tectonics. They have suggested that the former has been operating since 4 Ga, 186 

whereas the latter became predominant in earth history around 2.7-2.5 Ga.  The discussion 187 

of the mode of the Archean tectonics is beyond the scope of this paper. However, the 188 

results of our own field–based structural, geochemical and petrological studies in the 189 

Barberton greenstone belt (ca. 3.1-3.6 Ga; see De Wit et al., 2011) and the Isua greenstone 190 

belt in SW Greenland (ca. 3.7-3.8 Ga; see Nutman et al., 1997; Furnes et al., 2007, 2009) 191 

indicate that oceanic crust formation, albeit in different modes and tempos from those in 192 

the Phanerozoic Eon, must have occurred in the Archaean rock record (Furnes et al., 2015; 193 

Polat et al.,2007; Ordonez-Calderon et al., 2009). Rates of horizontal and vertical tectonic 194 

processes derived from the Barberton greenstone belt are similar, well within an order of 195 

magnitude, to those encountered across modern oceanic and orogenic terrains (de Wit et 196 

al., 2018). Therefore, all the pre–3 Ga mafic–ultramafic sequences included in this study 197 

are considered as ophiolitic in origin (see Supplementary Table 1). Relevant discussions 198 

on the Archaean ophiolite types are presented in Dilek and Polat (2008) and Dilek and 199 

Furnes (2011). 200 

  201 

3. Ophiolite types and mineralization 202 

  203 

 Ophiolites represent an important source for Cu, and to some extent for Zn and Pb, as 204 

well as Ag and Au in the recorded human history (Dilek and Furnes, 2014), and these elements 205 

are in general spatially and temporally associated with volcanogenic massif sulphide deposits 206 

(VMS) See Supplementary Table 1 for these associations. An important question that is relevant 207 

to the topic of this paper is whether any of the ophiolite types, discussed briefly above has a 208 

preference for VMS deposit formation and associated mineralization processes. 209 

 VMS deposits are common in both ophiolites and modern oceanic crust. They are known 210 

to have developed in hydrothermal systems (e.g., Oudin and Constantinou, 1984; Hannington et 211 
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al., 1998) along active seafloor spreading centers of the mid-ocean ridges (e.g., Shanks III, 2012; 212 

German et al., 2016) and backarc basins (e.g., Anderson et al., 2017). Oceanic hydrothermal 213 

systems involve convective circulation of seawater through the modern oceanic crust above an 214 

active magma chamber and contain recharge, reaction, and discharge zones (e.g., Alt, 1995). In a 215 

recharge zone, seawater penetrates through the faulted and fractured, young oceanic crust and 216 

progressively causes alteration and element mobility on its tectonically – induced descent to the 217 

high-temperature reaction zone in the lower crust above the magma chamber. Then, during the 218 

up-flow of super-heated fluids in a discharge zone within the oceanic crust, epidosites and 219 

quartz-sulphides become precipitated as VMS deposits. 220 

VMS deposits have been classified into five categories according to the origin and nature 221 

of their host-rocks: (1) mafic; (2) bimodal-mafic; (3) mafic-siliciclastic; (4) bimodal-felsic; and 222 

(5) bimodal-siliciclastic (Barrie and Hannington, 1999). This is a chemical classification of the 223 

most primitive (mafic) to the most evolved (felsic) host-rock associations in VMS deposits. The 224 

depth of a melt lens, which drives the hydrothermal circulation responsible for the formation of 225 

mafic VMS deposits, is approximately 2 to 3 km below the spreading axis (e.g., Ridley, 2012). 226 

Nearly 80 % of the 259 ophiolites examined in this study (Supplementary Table 1) are 227 

Phanerozoic, 11% Proterozoic, and 9% Archean in age. Approximately 24% of all these 228 

ophiolites (64 examples) belong to the subduction-unrelated and 76% (195 examples) to the 229 

subduction-related group. Most of these ophiolites and the majority of Phanerozoic ophiolites in 230 

different orogenic belts belong to the mafic–type VMS deposits (Barrie and Hannington, 1999) 231 

in terms of their mineralization features. Mafic–type VMS deposits contain more than 75% mafic 232 

and less than 1% felsic rocks. Some of the Archean ophiolites and greenstone belts belong to the 233 

VMS bimodal-mafic–type (Barrie and Hannington, 1999), which is defined as having >50% 234 

mafic rocks and >3% felsic volcanic rocks with a mafic/felsic volcanic rock ratio of 3 to 1. The 235 

VMS mafic–type is rich in Cu, whereas the VMS bimodal-mafic–type is rich in Zn and Pb 236 

(Barrie and Hannington, 1999).  237 

 Spreading rate and seafloor morphology of the oceanic ridges vary in response to the 238 

spatial and temporal interactions between tectonic processes and magma supply rates (Dilek et 239 

al., 1998) that in turn control the dynamics of hydrothermal convection and sulphide deposition 240 

(Hannington et al., 1995; Schulz, 2012). At fast-spreading mid-ocean ridges, such as the East 241 

Pacific Rise, sulphide deposits may be abundant but small in size, whereas at slow-spreading 242 
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centers there may be a few but much larger sulphide deposits, such as the Trans-Atlantic 243 

Geotraverse (TAG) hydrothermal field on the Mid-Atlantic Ridge at the 26°N Latitude in the 244 

Central Atlantic Ocean (e.g., Hannington et al., 1995, 2011; Schulz, 2012).  245 

 Backarc seafloor spreading systems share similar structural features as in slow- and fast-246 

spreading mid-ocean ridges, but they may additionally have several other operative processes 247 

related to subduction (e.g., Anderson et al., 2017; Evans et al., 2017). The oceanic crust along 248 

backarc spreading centers may be segmented, as seen in the East Scotia (Fretzdorff et al., 2002) 249 

and the Mariana (Anderson et al., 2017) backarc basins. In the latter example, hydrothermal 250 

venting occurs in every segment, the character of which may vary from tectonically dominated to 251 

magmatically-dominated, reminiscent of slow- and fast-spreading mid-ocean ridge systems, 252 

respectively (Dilek et al., 1998). In the case of magmatically-dominated spreading segments with 253 

shallow-level axial magma chambers, the entire oceanic crust behaves in a ductile fashion and 254 

the hydrothermal circulation is restricted to this shallow crust (Devey et al., 2010). For 255 

tectonically dominated spreading segments, on the other hand, the more brittle character of the 256 

oceanic crust and deeper and long-term hydrothermal circulation patterns commonly result in the 257 

formation of large VMS deposits (Pertsev et al., 2012). Regarding the concentration of Cu, Zn, 258 

and Pb (and several other chalcophile elements) in hydrothermal fluids, large variations may 259 

develop as a result of major changes in fluid fluxes in the entire subduction zone environment as 260 

measured at several sites in the Lau Basin (Evans et al., 2017).   261 

 It appears that the physical conditions, including tectonic and magmatic processes, for 262 

sulphide mineralization in VMS deposits, are much the same in major oceans as well as in 263 

backarc basins. However, additional element supply from subducting slabs may possibly account 264 

for backarc ophiolites to be more favourable for the formation of large VMS deposits. Galley and 265 

Kosky (1999) investigated more than 200 ophiolites worldwide and found that about 10% of 266 

these examples contain significant VMS mineralization. The most sulphide-rich VMS examples 267 

of those listed in Galley and Kosky (1999) are subduction-related ophiolites. Thus, to place a few 268 

of the richest ones in the present geochemical classification scheme of ophiolites (see Fig. 1, and 269 

Furnes et al. 2014; 2020), the following may be listed: Troodos, Cyprus (BA-FA); Oman (BA-270 

FA); Løkken, Norway (BA); Kure, Turkey (BA); Betts Cove (FA) and Lush Bight (FA), 271 

Newfoundland, Canada. 272 

 273 



10 
 

4. Elemental patterns of different ophiolite types 274 

 275 

We used in our compilation the geochemical data from 259 ophiolites, occurring in 276 

different orogenic belts and having a wide range of igneous ages. Geochemical characteristics 277 

of these ophiolites provide important insights into their mantle melt sources within different 278 

time windows in earth history (Dilek and Furnes, 2014). The examples include the Triassic, 279 

Jurassic and Cretaceous ophiolites in the Alpine-Himalayan orogenic Belt (n=117), the Late 280 

Proterozoic to Triassic ophiolites in the Central Asian Orogenic Belt (n=45), the Mesozoic 281 

ophiolites in the Western Pacific and North American Cordillera belts (n=12), the Paleozoic 282 

ophiolites in the Qingling-Qilian-Kunlun Belt in northern China (n=7); the Cretaceous to 283 

Neogene Indonesian Belt (n=5), the Andes (n=4), the Silurian Uralides (n=2), the Ordovician 284 

to Devonian Central European Variscides (n=1), the Cambrian to Devonian Caledonides and 285 

the Appalachians (n=12), the Cambrian to Devonian to Tasmanides (n=2), and ophiolites 286 

within Proterozoic (n=31) and Archean (n=21) greenstone belts. 287 

All these ophiolites have been classified as either subduction-unrelated or subduction-288 

related complexes. We have subdivided them into different types on the basis of the above-289 

mentioned classification; details of this classification are further described and illustrated in 290 

the following publications: Furnes et al. (2014, 2015, 2020), and Furnes and Safonova (2019). 291 

We have also summarized the relevant information related to their mantle and crustal 292 

lithologies, the orogenic belts in which they occur, and the appropriate references in 293 

Supplementary Table 1. 294 

For characterization of elemental patterns as presented below (Figures 3 through 8), 295 

we use histograms. Given the appropriate scaling (bins), histograms provide the visually best 296 

information that is needed to characterize and compare the distribution of elements. For all the 297 

histograms the frequency is expressed as percentages, instead of the absolute number of 298 

samples, thus making datasets of different sizes comparable. The applied nomenclature of the 299 

different patterns is as the following: (1) bell-shaped (also referred to as symmetric or 300 

unimodal); (2) right-skewed (increasing frequency of data towards lowering values); (3) 301 

irregular (no particular patterns, or symmetric); (4) bimodal (two peaks).   302 

 303 

4.a. Cu patterns 304 
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 305 

Figure 3 shows histograms of the subduction-unrelated (Fig. 3A and B) and 306 

subduction-related (Fig. 3A C and F) ophiolites, based on a compilation of 4005 Cu analyses. 307 

The MOR–type ophiolite histogram defines nearly a bell–shaped pattern, with an average Cu-308 

value of 62 ppm. The R/CM/P–type ophiolites histogram shows a similar pattern, but slightly 309 

skewed to the right with a less distinct mode. The average Cu-value of 80 ppm in these 310 

ophiolites is also significantly higher than that of the MOR–type ophiolites. 311 

The Cu-histogram patterns of the subduction-related ophiolite types differ from the 312 

subduction-unrelated in that they all have their highest concentration in the lowest Cu-313 

intervals and are all right skewed. This pattern shows a gradual increase in Cu contents from 314 

the BA type through the BA-FA and FA types and is most distinctive in the VA type 315 

ophiolites (Fig. 3 C-F). 316 

 317 

4.b. Zn patterns 318 

 319 

The Zn-histogram patterns, based on 4470 analyses, are characterized by a typical bell-320 

shaped pattern (Fig. 4), and the subduction-unrelated and subduction-related ophiolite types 321 

show only minor differences. The FA type histogram defines a slightly higher proportion of 322 

the two lowest Zn intervals, whereas the VA type shows a relatively high proportion of the 323 

highest Zn interval (> 200 ppm), and thus also the highest average value (127 ppm). 324 

4.c. Pb patterns 325 

 326 

The Pb-histograms, based on 2978 analyses, define profoundly different patterns for the 327 

different ophiolite types of the two main categories (Fig. 5). For the two subduction–unrelated 328 

ophiolite types (A, B) the MOR type histogram is highly right skewed and nearly half of the 329 

data plot in the lowest Pb-interval. The R/CM/P type histogram shows a uniform pattern with 330 

two slightly higher peaks in the middle and at the right end (highest value) of the histogram. 331 

The latter also has a considerably higher average Pb value (7.3 ppm) than that of the MOR type 332 

(2.4 ppm). The Pb-histograms of the subduction-related ophiolites define progressive right 333 

skewed patterns of the BA, to the BA-FA and FA subtypes (Fig. 5 C–E). The Pb-histogram of 334 
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the VA type shows a uniform pattern similar to that of the R/CM/P type, and with the highest 335 

Pb population at the right end (highest value) (Fig. 5 F). It also has by far the highest average 336 

value of 7.1 ppm. 337 

4.d. Ga patterns 338 

 339 

The Ga histogram is based on 2269 analyses and defines a bell-shaped pattern. There 340 

is little difference between the subduction-unrelated and subduction-related ophiolite types 341 

on this histogram (Fig. 6). The average Ga-values range between 14.7 to 17.2 ppm. 342 

 343 

5. Elemental patterns of the different rock types of ophiolites 344 

 345 

Mafic lithological units in most ophiolites are compositionally made of alkaline basalt 346 

to MORB, IAT and boninite affinities (Dilek et al., 2008; Dilek and Thy, 2009; Dilek and 347 

Furnes, 2011; 2014; Furnes et al., 2014, 2015, 2020; Saccani et al., 2018; Furnes and 348 

Safonova, 2019). This is particularly the case for suprasubduction zone ophiolites (Yu et al., 349 

2020). In the subduction-unrelated ophiolites the common basalt types include tholeiitic 350 

basalt for the MOR type and alkaline basalt for the R/CM/P type ophiolites. For the 351 

subduction-related ophiolites, on the other hand, the crustal lithologies generally consist of 352 

two or more of the four compositional groups, ranging from alkaline basalt to tholeiitic basalt 353 

(MORB), island arc tholeiite (IAT), and boninite. The proportion of each of these mafic 354 

components within an ophiolite determines the ophiolite type as described earlier. For the 355 

ophiolites examined in this study, each of these rock compositions has been selected 356 

following the methods of Pearce (2014) and Saccani (2015), as applied in Furnes et al. 2014, 357 

2015, 2020. The Cu, Zn, Pb and Ga histograms for each type (alkaline basalt, MORB, IAT 358 

and boninite) are presented in Figure 7. 359 

Alkaline basalts: The Cu histogram defines a combination of bell-shaped to slightly 360 

right skewed patterns, whereas the Zn and Ga histograms show typically bell-shaped patterns. 361 

The Pb histogram appears irregular and bimodal, with a moderately high proportion of the 362 

highest bin (> 12 ppm Pb).  363 

MORB: The Cu histogram is right skewed, with four lowest bins defining a uniform 364 

pattern. The Zn and Ga histograms are bell-shaped, whereas the Pb histogram is right skewed.  365 
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IAT: The Cu histogram shows mainly a bimodal pattern as defined by the four lowest 366 

bins, and otherwise a right skewed pattern. The patterns of the Zn and Ga histograms are bell 367 

shaped, whereas the Pb histogram displays typically right skewed patterns.  368 

Boninite: The Cu, Pb and Ga histograms are all right skewed, and are most profoundly 369 

defined by the Pb pattern. The Zn histogram is bell shaped, as well as slightly right skewed. 370 

 371 

5. Elemental patterns of upper mantle sources 372 

 373 

The upper mantle geochemical data on the distribution of Cu, Zn, Pb and Ga are based 374 

on the ophiolites occurring predominantly in the Alpine-Himalayan orogenic belt, with 375 

additional data from several other orogenic belts and Precambrian greenstone sequences. In 376 

addition, some data from mantle xenoliths hosted in basalts exposed on some oceanic islands 377 

and in modern oceanic crust have also been included in our database. In the literature, host 378 

mantle rocks are described as unspecified peridotite, lherzolite, harzburgite, dunite, and 379 

serpentinite; hence, we use the same terms here. The references to the upper mantle lithologies 380 

and the related published information are provided in Supplementary Table 2. 381 

Figure 8 shows histograms of the collected data on the above-mentioned elements in 382 

upper mantle lithologies. For Cu most of the data are described as harzburgite and lherzolite, 383 

and the histograms define a right skewed pattern. The highest population is in the 0 to 5 ppm 384 

range and is dominated by harzburgite; the majority of the peridotite and dunite host rocks are 385 

also concentrated in this Cu-range. Lherzolite, on the other hand, defines the highest 386 

population in the 21-25 Cu-interval, which is in a good agreement with the estimates proposed 387 

for the Earth’s mantle (20-30 ppm) (McDonough and Sun, 1995; Palme and O’Neill, 2013). A 388 

gradual decrease in the Cu-population is shown as the Cu content increases. 389 

The patterns of the Zn histogram define bell-shaped distribution, and the peak defined 390 

by the 41-50 ppm-interval has the highest population of peridotite, harzburgite and lherzolite. 391 

The histogram of the Ga populations with the various concentration intervals defines an 392 

irregular distribution. The highest Ga-contents of harzburgite and dunite occur in the 0 to 2 393 

ppm range, but in a marginally higher range (1-3 ppm) for lherzolite. Peridotite makes a 394 

significant proportion and defines a normal population with a peak in the 1.5 – 2.0 ppm 395 

interval. The compiled mantle source concentrations of Zn and Ga in this study are lower in 396 
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comparison to the proposed upper mantle value of 53.5 – 55 ppm for Zn and a substantially 397 

lower than the average mantle value for Ga (4 – 4.4 ppm) (McDonough and Sun, 1995; Palme 398 

and O’Neill, 2013). 399 

The Pb-histogram defines a typical right skewed pattern, similar to that of Cu, with the 400 

highest population in the < 0.1 ppm-interval, defined predominantly by unspecified peridotite 401 

and harzburgite. The estimated upper mantle value for Pb is 0.150 to 0.185 ppm, more than 1.5 402 

times higher than the highest population; however, it is not possible to exclude potentially high 403 

uncertainties in the Pb analysis of bulk – rock peridotites. Additionally, it should be noted that 404 

a relatively high proportion of harzburgite shows Pb-contents higher than 1 ppm (in the range 405 

of 1 to 5.6 ppm). As a general observation, harzburgite, peridotite, serpentinite and dunite 406 

define lower element-intervals for all elements than do the lherzolite, particularly for Cu and 407 

Pb. But, depleted mantle, represented by harzburgite, is the most common source material for 408 

ophiolites. 409 

 410 

6. Alteration and element mobility 411 

 412 

Most of the ophiolites examined in this study underwent seafloor alteration and lower 413 

greenschist facies metamorphism prior to their emplacement into continental margins (Furnes 414 

& Safonova, 2019; Furnes et al. 2020). During seafloor alteration and low-grade 415 

metamorphism of basaltic rocks in ophiolites, most major oxides (e.g., FeO, MgO, CaO, Na2O 416 

and K2O) and several trace elements (e.g., Cs, Ba, Rb, Sr) experience some sort of mobility, 417 

either as loss or gain (e.g., Furnes et al., 2012, and references therein). Of the elements 418 

considered here, Cu generally becomes mobilized (Gillis and Thompson, 1993) and 419 

progressively depleted with increasing epidotization (Wyborn, 1987; Gregory, 2006), for 420 

epidote can only accommodate up to 10 ppm Cu (Craw et al., 1997). Thus, during the 421 

epidotization process Cu may migrate and get enriched elsewhere within the oceanic crust 422 

sequence. Zinc may also become mobilized to some extent and get depleted in the source 423 

during alteration and metamorphism, but to a lesser extent than Cu (Gillis and Thompson, 424 

1993; Jowitt et al., 2012). Other investigations have suggested, on the other hand, that Zn does 425 

not show any mobilization during the alteration of basalt (Hart et al., 1974), or that it may 426 

rather get enriched during low – temperature alteration (Fowler and Zierenberg, 2016). Lead 427 
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may exhibit both loss or gain during alteration and low-grade metamorphism, and like Zn, it 428 

may get enriched at low-temperature alteration (Fowler and Zierenberg, 2016). Examination of 429 

hydrothermal fluids from the Juan de Fuca ridge and the Trans-Atlantic Geotraverse (TAG) 430 

hydrothermal field on the Mid-Atlantic ridge shows a strong correlation between Ga and Zn 431 

(Metz and Trefry, 2000), indicating that they behave similarly during alteration.  432 

 433 

7. Discussion 434 

 435 

Figures 3 through 6 demonstrate the histogram patterns of different ophiolite types in 436 

the subduction-unrelated and subduction-related categories, with respect to the elemental 437 

behaviour of Cu, Zn, Pb and Ga. This compilation shows that Cu and Pb patterns differ 438 

significantly among different ophiolite types, whereas Zn and Ga patterns hardly display any 439 

differences. However, even though these histograms are well suited for demonstrating 440 

differences in elemental distribution among different ophiolite types, they do not provide any 441 

insights for a petrogenetic evaluation of ophiolitic magmas with regard to element 442 

distributions. Hence, we have plotted Cu, Zn, Pb and Ga values against MgO contents for 443 

petrogenetic modeling. The results are shown in Figures 9 through 12. 444 

8.1. Petrogenetic behavior of Cu, Zn, Pb and Ga 445 

 446 

We compiled literature data on fresh mafic rocks (volcanic glass and crystalline 447 

whole – rock samples), which were collected from modern oceanic environments, in order to 448 

compare with the data from basaltic rocks in the examined ophiolites. The rock types 449 

considered for this modelling include alkaline basalts, mid-ocean ridge basalts (MORB), 450 

backarc island arc tholeiitic (IAT) basalts, and boninites (see Supplementary Table 3). Most 451 

of the geochemical data, particularly the MORB data, are from fresh volcanic glass samples, 452 

and thus the patterns of the four elements (Cu, Zn, Pb, and Ga) versus MgO contents are 453 

considered to be primary in nature. However, some of the crystalline whole–rock samples 454 

have higher MgO than the glassy samples and may thus represent cumulate mafic lithologies. 455 

Hence, the fields enveloped by the blue line, representing the distribution of different 456 

magmatic types may not be precise. We have stated above that Mg is mobile during 457 

alteration and metamorphism. During chloritization at high temperature hydrothermal 458 
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alteration, the MgO content of basalts becomes enriched. However, Nakamura et al. (2007) 459 

have shown that the MgO-enrichment is entirely negligible compared to the MgO-range, as 460 

shown in Figures 9 through 13. 461 

 462 

8.1.1. Distribution in Bowen diagrams 463 

 464 

The Cu distribution of basaltic rocks of the modern oceanic crust defines a broad band 465 

with decreasing values as MgO contents decrease, owing to sulphide precipitation and very 466 

high compatibility of Cu in sulphides (e.g., Kiseeva and Wood, 2013, 2015). Boninites show a 467 

weak opposite trend, indicating no sulphur saturation in their melts (Fig. 9A). Most of the IAT 468 

basalts plot in the same area as the MORBs but some of the IAT data extend to low MgO 469 

values (< 5wt.%), defining a trend. The Cu-distribution of the ophiolite data is shown in Fig. 470 

9B. Most of the data (88%) plot within the field defined by the modern oceanic crustal rocks, 471 

but a high proportion of the boninitic as well as some of the IAT data define lower values. 472 

The Zn distribution in the basaltic modern oceanic crustal rocks exhibits a well-defined 473 

negative trend against the MgO values. This can be explained by the incompatible character of 474 

Zn that has partition coefficients (D’s) for plagioclase/melt and clinopyroxene/melt below 1 475 

(Bédard, 2006; Davis et al., 2013). Boninites appear to have an opposite trend that may be 476 

related to the crystallization of olivine, in which Zn is compatible (Foley et al., 2013; Le Roux 477 

et al., 2015) (Fig. 10A). This is opposite to the Cu pattern. At any MgO content, a substantial 478 

part of the Zn data for the IAT rocks shows lower values than those of the MORBs. The 479 

ophiolite data plot predominantly (91%) within the field defined by the modern oceanic crustal 480 

rocks, and only few of the boninitic samples plot above the Zn envelope (Fig. 10). 481 

The Pb distribution in the basaltic rocks of the modern oceanic crust defines a broad 482 

band, with rapidly increasing values as the MgO contents decrease (Fig. 11A). This pattern is 483 

consistent with the highly incompatible character of Pb, which has very low partition 484 

coefficients (D’s) into silicates (d�0.5) and relatively low D’s into sulphides (~7 – 26) for the 485 

P-T conditions (Kiseeva and Wood, 2015). The boninites, on the other hand, show little 486 

variation with decreasing MgO contents. For the ophiolites, 88% of the data plot within the 487 

field defined by the modern oceanic crustal rocks, and it is mainly the boninitic and IAT rocks 488 
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that plot outside the field (Fig. 11B). The Ga distribution in the basaltic and boninitic rocks 489 

shows a negative trend against the MgO values (Fig. 12A), with 81% of the ophiolitic rocks 490 

plotting within the field of the modern oceanic crustal rocks (Fig. 12B). The 19% that plot 491 

outside the Ga envelope are, however, rather close to the envelope defining the field of 492 

modern oceanic crustal rocks. The behaviour of Ga in basaltic systems is relatively similar to 493 

that of Zn, with a big difference in its lower compatibility in olivine but higher compatibility 494 

in plagioclase (see Table 1). Unlike Cu and Pb, there is no sulphide control over the 495 

partitioning of Ga and Zn. 496 

 Figures 9 through 12 show considerable scatter in the diagrams of the Cu, Zn, Pb, and 497 

Ga versus MgO contents. We discuss below the nature of this scatter in relation to different 498 

petrogenetic factors. The abundance of an element in a primary, mantle-derived melt depends 499 

on the concentration of the given element in the mantle source region, the nature of the solid 500 

phases existing before and during melting, the partition coefficients, and the degree of partial 501 

melting. Further, the behavior (as to depletion or enrichment) of an element in the melt during 502 

subsequent fractional crystallization depends on the bulk distribution of that element. In 503 

Figure 13 we have replotted all the modern oceanic crustal and ophiolitic mafic rocks (all 504 

undifferentiated), and we have superimposed fractional crystallization lines on this plot. 505 

 506 

8.1.2. Partial melting and fractional crystallization models 507 

 508 

Major element chemistry of the basaltic melts and phase proportions were modelled 509 

using pMELTS (Ghiorso et al., 2002). For the initial concentration of trace elements, we used 510 

instantaneous concentrations of Cu, Pb, Ga and Zn in basaltic melts during 5 and 10% fractional 511 

melting of a depleted mantle (DM) source following the same protocol as described in Kiseeva 512 

et al. (2017). Partition coefficients into the silicate minerals and element concentrations in the 513 

depleted mantle that we have used for modelling are shown in Table 1. 514 

Sulphide was ignored in modelling Zn and Ga behaviour because it exerts no control 515 

over the concentrations of these elements in the liquid due to their low partition coefficients 516 

(~2.5 for Zn and ~0.03 for Ga). Produced by partial melting of a depleted mantle, 5 and 10% 517 

melts were then allowed to fractionally crystallize using Petrolog3 (Danyushevsky and 518 

Plechov, 2011). The starting liquid was nominally anhydrous and contained ~10.3 – 10.7 wt.% 519 
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MgO. Fe3+ was calculated using QFM buffer, and the pressure was kept constant at 8 kbar. The 520 

modelling was conducted with approximately 1% of melting interval and was stopped when 521 

~20-25% melt was remained. At this point the MgO content of the melt was 2.5 – 2.7 wt.%. 522 

For the 5% melting of depleted mantle, Petrolog3 generated the following crystallization 523 

sequence: olivine, plagioclase, orthopyroxene and clinopyroxene. For the 10% melting of 524 

depleted mantle, olivine did not crystallize and clinopyroxene was on the liquidus followed by 525 

plagioclase and then orthopyroxene. Despite differences in the crystallization sequence, the 526 

produced curves for the starting composition of 5% and 10% melting of depleted mantle for 527 

both Zn and Ga were almost identical (Fig. 13). This phenomenon can probably be explained 528 

by very small proportions of olivine being crystallized (X = 0.03) before the crystallization of 529 

the other mineral phases. 530 

In order to model high-Mg boninitic magmas, we used a hydrous W3.31 starting 531 

composition reported by Parman and Grove (2004) that contained 17.3 wt% MgO and 7.43 532 

wt% H2O, and fractionally crystallized at 10 kbars. For W3.31, Petrolog3 generated the 533 

following crystallization sequence: olivine, orthopyroxene, plagioclase and clinopyroxene. The 534 

melting was stopped when~11% of melt remained and with ~1 wt% of MgO remaining in the 535 

melt. 536 

The behaviour of Pb and Cu is controlled largely by sulphide minerals rather than 537 

silicates; so, we did the Pb and Cu modelling by using the same liquid line of descent as for Zn 538 

and Ga, but by adding sulphide to the crystallization sequence. The partition coefficients for 539 

Cu and Pb into sulphide phases were calculated based on Kiseeva and Wood (2013, 2015). We 540 

used 900 ppm as initial sulphur concentration in the system, and the method of Smythe et al. 541 

(2017) to calculate the sulphur solubility. For the melt generated by 5% partial melting of the 542 

depleted mantle, the sulphide started precipitating when about 92% of melt was present in the 543 

system; for the W3.31 composition, the precipitation of sulphide started when ~85% melt was 544 

present in the system. Crystallization curves were generated for the initial amount of Pb in the 545 

system between 0.24 and 0.75 ppm, and for Cu between 80 and 120 ppm. These values are in a 546 

good agreement with the calculated amounts of Cu (116 ppm) and Pb (0.24 ppm) in the melt 547 

produced by 5% melting of the depleted mantle. 548 

 549 

8.2. Crustal contamination effects 550 
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 551 

During the initial continental rifting phase, decompression melting of the sub-552 

continental mantle produces basaltic melts, which commonly become contaminated by the 553 

ambient rock components on their ascent through the continental crust within the rift zone. 554 

The continental crust varies in thickness between 30 to 60 km and is divided into upper, 555 

middle, and lower parts (e.g., Gao, 2010). The upper crust consists of a variety of 556 

sedimentary and igneous rocks, whereas the middle and lower continental crust is largely 557 

dominated by high-grade metamorphic rocks with intermediate to felsic compositions. The 558 

Cu, Zn, Pb and Ga contents are highly variable in the upper crust and show considerably 559 

higher values in sedimentary rocks than in dioritic to granitic rocks (Hu and Gao, 2008). 560 

Recommended values for Cu, Zn, Pb and Ga for the bulk crust are 27, 72, 11, and 16 ppm, 561 

respectively (Rudnick and Gao, 2003), and these values are all within those of the compiled 562 

data for the given elements (see Figs. 3-6). They are also comparable to the average values 563 

of Zn and Ga in ophiolites (Figs. 4 and 6) but are somewhat lower than the average value for 564 

Cu and much higher than the average value of Pb. 565 

Thus, the Zn and Ga histogram patterns (Figs. 4 and 6, respectively) would largely 566 

remain unchanged even if the ascending basaltic magmas of rift zones were contaminated by 567 

continental crust. Pb contents, on the other hand, might be significantly affected, and we see 568 

ample evidence to this effect in the histogram pattern (Fig. 5). This is particularly evident for 569 

the Rift and Continental Margin, and the Volcanic Arc type ophiolites (Fig. 5 B and F, 570 

respectively). Basaltic magmas of these ophiolite types ascended through continental crust, 571 

and might thus have been contaminated, to varying extent, by Pb-enrichment (as well as other 572 

elements such as Th). It is difficult to evaluate, based on the nature of the Cu histogram (Fig. 573 

3), whether or not Cu values are affected by crustal contamination. 574 

 575 

8.3. Subduction-related factors 576 

 577 

For the subduction-related ophiolite types, there are many factors related to the 578 

dynamics of a subducting slab that may contribute to different element enrichment of the 579 

basaltic melt. We consider below only the chalcophile elements of Cu, Zn and Pb, but we do 580 
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not consider the element Ga further because of the scarcity of the literature data. It is beyond 581 

the scope of this study to constrain the significance of subduction – related factors in the 582 

distribution patterns of chalcophile elements. However, we discuss here the four most salient 583 

factors based on the presently available data. These factors include: (1) subducted sediments; 584 

(2) subduction rates; (3) thermal structure; and (4) slab-water flux and released fluids. 585 

 586 

8.3.a. Sedimentary cover 587 

 588 

The sedimentary cover of a subducting slab and its Cu, Zn, and Pb contents may play an 589 

important role in variable enrichment of the basaltic melt. A comprehensive review of various 590 

parameters related to subduction zones is provided by Plank and Langmuir (1999). The 591 

sedimentary cover of an oceanic lithosphere subducted at trenches consists mainly of siliceous 592 

or carbonaceous ooze, clay, turbidites (silt/sand), and volcaniclastic material. These sediment 593 

types may appear in highly different proportions in different subduction systems and may also 594 

differ by one or two orders of magnitude with respect to their chalcophile element contents Cu: 595 

27-317 ppm (av. 108); Zn: 25-243 ppm (av. 91); Pb: 1-113 ppm (av. 28). The average Cu 596 

content of 108 ppm of subducting sediments is higher than that of the average Cu contents of 597 

the various ophiolite types (Fig. 3), and hence these sediments should play some role in the 598 

enrichment of basaltic magmas in Cu. The average value of Zn (91 ppm) contents in subducted 599 

sediments, on the other hand, is comparable to most of the ophiolite types (Fig. 4) and is thus 600 

unlikely to play any significant role in their melt evolution. However, the average Pb content 601 

(28 ppm) in oceanic sediments is much higher than that of any of the ophiolite types (Fig. 5) 602 

and may, thus, have a profound influence on the Pb-content of the basaltic magmas in the melt 603 

column within the mantle wedge, following their subduction and subsequent melting. 604 

 605 

8.3.b. Subduction rate 606 

 607 

The subduction rate controls the amount of sediment per time unit that is carried down 608 

in a slab within a subduction zone (e.g., Scholl and van Huene; Safonova et al. 2015), and 609 

varies from ca. 1.5 cm/year to 16 cm/year (Plank and Langmuir, 1999; Hoareau et al., 2015). 610 

Thus, the amounts of sediments and the chalcophile elements that are carried down in a 611 
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subduction zone may vary profoundly with respect to subduction rates, and may, therefore, 612 

contribute to varying chemical fingerprints of SSZ oceanic crust and ophiolite types. 613 

 614 

8.3.c. Thermal structure of a subduction zone 615 

 616 

The third factor is the thermal structure of a subduction zone (van Keken, 2003; van 617 

Keken et al., 2011) that affects the areal extent and magnitude of slab dehydration. 618 

Mineralogically-bound water molecules in oceanic crustal rocks might be little disturbed with 619 

further and deeper slab descent of an old oceanic lithosphere, subducting at fast rates. 620 

However, subduction of a young and hydrated slab, taking place in hot and young convergent 621 

margins with slow subduction rates may result in its efficient dehydration and in significant 622 

amounts of fluids and melts released into the mantle wedge (van Keken et al., 2011). 623 

 624 

8.3.d. Fluid flux derived from subducting slabs 625 

 626 

Fluid flux derived from subducting slabs plays an important role in the enrichment of 627 

magmas in many trace elements (e.g., Wang and Xiao, 2018). It is a common knowledge that 628 

large – ion lithophile elements (LILEs) are mobilized during fluid-rock interactions, and that 629 

they lead to the enrichment of the upper mantle peridotites in the wedge above a subducting 630 

slab (e.g., Pearce and Parkinson, 1993; Pearce and Peate, 1995; Macdonald et al., 2000; Elburg 631 

et al., 2002). Chemical fingerprints of magmas and their products commonly reflect the nature 632 

of such slab – derived enrichments in the mantle melt source (Dilek and Furnes, 2009). 633 

Additionally, the chalcophile elements of Cu, Zn, and particularly Pb, are also fluid-634 

transported from a subducting slab into the overlying mantle wedge (Kogiso et al., 1997; Li et 635 

al., 2013), and hence get incorporated into the melt column during the evolution of magmas. 636 

The solubility of these elements (particularly Cu) is determined by several factors, such as the 637 

abundance of S and Cl, and the HCl/alkali chloride ratio (Zajacz et al., 2011, 2017). 638 

These discussions show that the number of variables is too high to make real 639 

quantifications about the contributions of various subduction-related processes to the 640 

contents and patterns of the chalcophile elements of Cu, Zn and Pb (Figs. 3-5, 7, 8) during 641 

the melt evolution of ophiolites. However, our analysis of the available data in the previous 642 
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sections indicate that the mantle melt sources of many ophiolites were significantly enriched 643 

in Cu and Pb by one or a combination of the several factors discussed above. 644 

 645 

8.4. Effects of primary and secondary factors 646 

 647 

We have briefly discussed the mobility behavior of the chalcophile elements, 648 

and have explained that Cu and Zn (to a lesser extent) suffer loss during alteration and 649 

low-grade metamorphism, whereas Pb becomes enriched as seen in Fig. 13A, B and C. 650 

We have also defined the fields occupied by these elements with respect to the various 651 

basaltic rocks of in-situ oceanic crust and ophiolites (alkaline basalt, MORB, IAT, and 652 

boninites) (Figs. 9-12). These diagrams indicate a general trend of the lower contents of 653 

these elements, particularly for Cu and Zn, in IAT and boninites in comparison to 654 

MORB. The petrogenetic modelling indicates that much of the scatter in the Bowen 655 

diagrams can be explained by 5-10 percent partial melting of a depleted mantle with 656 

different starting concentrations, followed by 20-80% fractional crystallization as shown 657 

in Fig. 13A-D. 658 

The first question related to the nature of the Cu-histogram patterns of the various 659 

ophiolite types (Fig. 3) is whether the Cu-depletion, as caused by alteration and 660 

metamorphism, can be regarded as the main responsible process. All the ophiolites, regardless 661 

of their geochemical affinity, display similar alteration mineral assemblages and textures 662 

indicating that they underwent low-grade greenschist metamorphism and seafloor alteration 663 

(see Figs. 17 and 24 in Furnes and Safonova, 2019; and Furnes et al., 2020, respectively), and 664 

that they thus experienced nearly the same alteration and metamorphic processes subsequent 665 

to their magmatic construction. On this basis, we consider the effects of seafloor alteration and 666 

hydrothermal metamorphism as largely unlikely to account for the profound differences in the 667 

documented Cu and Pb patterns in the crustal rocks of ophiolites (Figs. 3 and 5, respectively). 668 

Therefore, we posit that the histogram patterns of the given chalcophile elements reflect 669 

mainly petrogenetic processes involved in the magmatic evolution of ophiolites and oceanic 670 

crust. Metamorphism and alteration, as well as some element exchange, for example Pb 671 

enrichment by crustal contamination for the subduction-unrelated R/CM/P ophiolites, and by 672 
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one or several subduction-related processes for the subduction-related ophiolites, may play 673 

some role. However, we ascribe the main controlling factors on the histogram patterns in Figs. 674 

9-12 to three main phenomena: (1) chalcophile element abundances in the mantle melt source; 675 

(2) repeated partial melting episodes; and (3) fractional crystallization processes. 676 

 677 

9. Summary and Conclusions 678 

 679 

In this study we have investigated the distribution of chalcophile elements (mainly Cu, 680 

Zn, Pb, and Ga) in the crustal and upper mantle rocks of the Phanerozoic ophiolites and 681 

Precambrian greenstone belts based on the extant data in the literature. We have also evaluated 682 

the nature of the geological processes, which had significant control on this elemental 683 

distribution and related mineralization in the ancient oceanic lithosphere. Our results indicate 684 

that the compositional distribution of Cu and Pb in different ophiolite types (subduction – 685 

unrelated versus subduction – related) display significant variations, independently of their 686 

hydrothermal alteration and low – temperature metamorphic histories. The compositional 687 

distribution of Zn and Ga, on the other hand, show subtle variations in different ophiolites. 688 

These observations imply that the mantle melt sources, melt evolution patterns and 689 

metasomatic processes, and crustal contamination effects in different tectonic settings played a 690 

major role in the enrichment of Cu and Pb concentrations in magmas and in related 691 

mineralization during oceanic crust – ophiolite formation. Cu distribution and mineralization is 692 

significant in MOR and backarc ophiolites but limited in forearc and volcanic arc ophiolites. 693 

Pb distribution trends in ophiolites display progressively increasing low concentrations from 694 

alkaline basalts and MORB affinities (subduction – unrelated) to IAT and boninitic affinities 695 

(subduction – related).    696 

The large scatter in MgO versus Cu, Zn, Pb, and Ga distribution in ophiolites and 697 

modern oceanic crust, as displayed by our petrogenetic modelling results, is likely a 698 

manifestation of fractional crystallization of melts, produced by 5% to 10% partial melting of 699 

variously depleted mantle sources. The Cu and Pb behaviour during fractional crystallization is 700 

controlled by sulphide minerals, instead of silicates. Pb concentrations in subduction – 701 

unrelated ophiolitic magmas appear to have been affected significantly by crustal 702 

contamination during melt ascent beneath rift zones, whereas Cu concentrations do not display 703 
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any related patterns hinting crustal contamination effects. The types and amounts of subducted 704 

sediments, the subduction rates, the thermal structure of a subduction zone, and the extent and 705 

chemistry of slab – released fluids at convergent zones strongly affected Cu and Pb 706 

enrichments in the melt column within the mantle wedge during the formation of subduction – 707 

related ophiolites. These findings suggest that chalcophile element distributions in ancient 708 

oceanic lithosphere can be used effectively as an additional geochemical tool to differentiate 709 

different ophiolite types in orogenic belts.  710 
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Figure captions 1046 

 1047 

Fig. 1. Schematic plate tectonic diagram illustrating the magmatic settings of oceanic 1048 

lithosphere, and spatial tectonic setting, crustal architecture and lithology of the various 1049 

ophiolite types. Modified from Dilek & Furnes (2011, 2014), Furnes & Dilek (2017), Furnes 1050 

et al. (2020). Abbreviations and acronyms: DC=dike complex; IAT=island arc tholeiite; 1051 

Bon.=boninite; And- lava=andesite lava; DA/Rhy=dacite/rhyolite; 1052 

Gr/ton=granodiorite/tonalite; Gb=gabbro; CC=continental crust; VC=volcaniclastics; 1053 

AWC=arc wedge corner; SDM=slab dehydration mantle; SMM=subduction-metasomatized 1054 

mantle; MEM=moderately-enriched mantle; HEM=highly-enriched mantle. 1055 

Fig. 2. Templates for discrimination diagrams used for the geochemical determination of 1056 

tectonic settings of formation of ophiolite types (modified after Pearce, 2014). (A) Nb/Yb – 1057 

Th/Yb; and (B) Ti/1000 – V diagrams. 1058 

 1059 

Fig. 3. Cu histograms for all the subduction-unrelated and subduction-related ophiolite 1060 

types. Reference to data shown in Supplementary Table 1. 1061 

Fig. 4. Zn histograms for all the subduction-unrelated and subduction-related ophiolite 1062 

types. Reference to data shown in Supplementary Table 1. 1063 

Fig. 5. Pb histograms for all the subduction-unrelated and subduction-related ophiolite 1064 

types. Reference to data shown in Supplementary Table 1. 1065 

 1066 

Fig. 6. Ga histograms for all the subduction-unrelated and subduction-related ophiolite 1067 

types. Reference to data shown in Supplementary Table 1. 1068 

Fig. 7. Cu, Zn, Pb and Ga histograms showing the patterns of the different rock types 1069 

(alkaline, MORB, IAT, boninite) of ophiolites. Reference to data shown in Supplementary 1070 

Table 1. 1071 

Fig. 8. Cu, Zn, Pb and Ga histograms showing the patterns of different mantle 1072 

lithologies. Reference to data applied is shown in Supplementary Table 2. 1073 
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Fig. 9. Cu-MgO relationships for A: Rocks from different in-situ oceanic environments 1074 

(references to data in Supplementary Table 3), and B: different rocks from ophiolite 1075 

complexes (reference to data in Supplementary Table 1). 1076 

Fig. 10. Zn-MgO relationships for A: Rocks from different in-situ oceanic environments 1077 

(references to data in Supplementary Table 3), and B: different rocks from ophiolite 1078 

complexes (reference to data in Supplementary Table 1). 1079 

Fig. 11. Pb-MgO relationships for A: Rocks from different in-situ oceanic environments 1080 

(references to data in Supplementary Table 3), and B: different rocks from ophiolite 1081 

complexes (reference to data in Supplementary Table 1). 1082 

Fig. 12. Pb-MgO relationships for A: Rocks from different in-situ oceanic environments 1083 

(references to data in Supplementary Table 3), and B: different rocks from ophiolite 1084 

complexes (reference to data in Supplementary Table 1). 1085 

Fig. 13. Cu-, Zn-, Pb-, and Ga-MgO for all ophiolites and in-situ oceanic crust, upon which 1086 

various partial melting and factional crystallization lines are superimposed. In diagram A, the 1087 

extent of fractional crystallization (20, 60 and 80%) is shown. Also, the most common 1088 

alteration trends for Cu, Zn and Pb are indicated. 1089 



Table 1. Partition coefficients used for fractional melting and crystallization

Olivine Clinopyroxene Orthopyroxene Spinel Plagioclase Sulphide
Cu 0.05 0.043 0.15 0.22 0.005 200-830
Pb 0.003 0.1 0.009 0.001 0.5-0.75 7-26
Zn 0.96 0.333 0.451 5.2 0.1 2.5
Ga 0.026 0.357 0.3 6.5 1.060150376 0.03

Initial abundances in the Depleted Mantle (in ppm)
Cu Pb Zn Ga

Salters and Stracke, 2004 30 0.0232 56 3.2
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